The distribution of xanthine dehydrogenase throughout the soybean plant as well as the intercellulr localizaton of xanthine dehydrogenase within soybean nodules was determined. Polyclonal antibodies againt purified xanthine dehydrogenase were prepared and used in an enzymelinked immunosorbent assay to determine whether xanthine dehydrogenase is a nodule-specific protein. This immunological assay showed that xanthine dehydrogenase is present in far greater concentration in the nodule than in any other plant organ. Immunodiffusion tests showed that anti-soybean nodule xanthine dehydrogenase would cross-react with nodule crude extracts from the ureide producers, soybean, cowpea, and lima bean, but would not cross-react with those of the amide producers, alfalfa and lupine. A crude extract from pea nodules cross-reacted slihtly with anti-soybean xanthine dehydrogenase. Anti-soybean xanthine dehydrogenase did not cross-react with buttermilk xanthine oxidase either by enzyme-linked immunosorbent assay or by immunodiffusion test. Fresh nodule sections from the ureide-producers, soybean, cowpea, and lima bean, all stained positively for xanthine dehydrogenase. The substrate-dependent stain was inhibited by aflopurinol and was observed only in the infected nodule cells ofthese species. Nodules from the amideproducers, alfalfa and white lupine, did not stain for xanthine dehydrogenase.
The ureides, allantoin and allantoic acid, are the predominant forms of nitrogen transported from nitrogen-fixing soybean nodules to other plant parts (15, 23) . Synthesis of ureides occurs in the plant cells of nodules via de novo purine synthesis followed by purine oxidation (19) . The intracellular and intercellular localizations of the enzymes responsible for ureide synthesis has received significant attention recently (6, 10, 21) . Hanks et al. (11) discovered that soybean nodule uricase and allantoinase were localized in the peroxisomes and smooth ER, respectively. Newcomb and Tandon (16) observed that the uninfected cells of soybeans have enlarged peroxisomes and microbodies. Based on that observation, uricase and allantoinase were proposed to be localized in the uninfected cells of soybean nodules (16) . Subsequently, Hanks et al. (10) separated uninfected and infected protoplasts from nodules by sucrose density gradient centrifugation and observed that both the total and specific activities of uricase were much higher in the uninfected protoplasts than the infected protoplasts. The specific activity ofallantoinase was also much higher in the uninfected protoplasts (10 (21) also separated uninfected and infected cells. Most of the total uricase activity was associated with infected cells; however, the uricase specific activity was over four times higher in uninfected cells than in infected cells (21) . Since the enzymes of de novo purine synthesis and uricase were found in both cell types, Shelp et al. (21) concluded that both cell types were capable of ureide synthesis. However, Shelp et al. (21) proposed that uricase may be active only in the uninfected cells in vivo owing to the 02 requirement for the uricase reaction (30) and the presence of the 02-binding protein, Lb2, in the infected cells (22) .
XDH, a soluble enzyme which catalyzes the hydroxylations of hypoxanthine to xanthine and xanthine to uric acid in nodules (3, 11, (NH4)2SO4 in buffer was applied to the column. XDH was eluted with 100 ml of the above buffer without (NH4)2SO4. Active fractions were pooled and applied to a 50-ml DEAE-Sephadex column equilibrated with buffer. A 400-ml gradient of 0 to 400 mM KC1 in buffer was applied to the DEAE column. Active XDH fractions were pooled and concentrated on an Amicon YM-5 membrane. The sample was diluted to lower the salt concentration and then applied to a 10-ml reactive blue 2 column equilibrated with buffer. The column was washed with 50 ml buffer. Pure XDH was eluted with 5 mm NAD+ in buffer and concentrated to 1 ml on an Amicon YM-5 membrane.
The method of Dilworth (9) was used for the purification of Lbs a and c. Lb a and XDH purified by the methods described above were injected into rabbits for the production of polyclonal antibodies as described below.
PAGE. Vertical native and SDS polyacrylamide gels were electrophoresed and stained for protein and XDH activity as described previously (19) .
Antibody Production and IgG Purification. Antibodies to XDH and Lb a were prepared by multiple intradermal injections into New Zealand white rabbits as described by Vaitukaitis (27) . Preimmune and immune IgGs were purified by applying 2 ml crude serum to a 1-ml protein A-agarose column followed by elution of the IgGs with 0.58% acetic acid in 0.15 M NaCl. The IgG fractions were then dialyzed against PBS (pH 7.0) and concentrated to a volume of 2 ml.
Enzyme-Linked Immunosorbent Assay (ELISA). The noncompetitive solid phase ELISA described by Weeden et al. (29) was used to measure antigen levels in crude extracts. Purified preimmune and immune IgGs were used in the ELISA measurements and were diluted to 1 ug protein/ml for the XDH ELISAs. Table I .
Absorption Spectrum of Purified XDH. A visible absorption spectrum of a preparation of I mg/ml purified XDH from soybean nodules was made (Fig. 2) . The absorption spectrum of the soybean enzyme is very similar to that of avian livers published by Cleere and Coughlan (8) . The spectrum shows a broad peak between 455 and 458 nm. Also, shoulders are observed at 425 and 550 nm. This observation agrees with the iron and flavin content measured in soybean nodule XDH by Triplett et al. (25) . This absorption spectrum shows that this preparation has no detectable amounts of contaminating proteins which absorb light in the visible region.
Ouchterlony Double Diffusion Tests. Anti-XDH did not crossreact with crude extracts from non-ureide producing nodules of white lupine and alfalfa (Fig. 3) . However, nodule crude extracts from the ureide producers soybean, cowpea, and lima bean all cross-reacted with anti-XDH (Fig. 3) . A crude extract from pea nodules showed slight cross-reactivity with anti-soybean XDH. No precipitin reaction could be observed between antibodies to soybean nodule XDH and buttermilk xanthine oxidase. In all immunodiffusion tests, the preimmune crude serum or purified IgGs showed no precipitin reaction.
Antibodies directed against soybean nodule Lb strongly crossreacted with lima bean and soybean nodule extracts and weakly with cowpea and lupine nodule extracts (Fig. 4) . Nodule extracts of pea and alfalfa did not cross-react with antibodies against soybean nodule Lb a (Fig. 4) . The lack ofcross-reactivity between antibody against soybean Lb a and the Lb of pea and alfalfa was expected since substantial microheterogeneity has been found between Lbs of different genera (1, 9, 12, 13) . Jing et al. (13) found that antibodies against the purified alfalfa Lbs did not cross-react with the Lbs of soybean, lupine, jackbean, and black FIG. 3 . Immunodiffusion test for cross-reactivity between antibodies (I) against soybean nodule XDH and crude nodule extracts (outer wells) from soybean (1), cowpea (2), lima bean (3), pea (4), lupine (5) and alfalfa (6) . Preimmune serum (P) was also tested against these extracts.
FIG. 4.
Immunodiffusion test for cross-reactivity between antibodies (I) against soybean nodule Lb a and crude extracts (outer wells) from soybean (1), cowpea (2), lima bean (3), pea (4), lupine (5), and alfalfa (6) . Preimmune serum (P) was also tested against these extracts.
locust. Hurrell et al. (12) found that antibody against purified lupine Lb did not cross-react with soybean, broad bean, or serradella. Also, antibody against soybean Lb a did not crossreact with lupine Lb (12) .
ELISA. Anti-XDH does not cross-react with Lb a. Anti-Lb a does not cross react with XDH but does cross-react with Lb c. This observation is consistent with the results of Verma and Bal (28) who found that polyclonal antibodies produced against slow and fast moving components ofLb cross-reacted with each other.
XDH and Lb a were measured in extracts of nodules, roots, stems, leaves, and seeds by the ELISA technique. Lb was found to be nodule specific (Fig. 5) , confirming the work of Verma and Bal (28) . Nodules were found to contain a far greater concentration of XDH than other plant organs (Fig. 6 ). Other plant parts had detectable but low amounts of XDH. The ELISA method used in this experiment is far more sensitive than the standard assay for enzymic activity and is capable of detecting inactive XDH.
Buttermilk xanthine oxidase was not detected with soybean Histochemical Staining of XDH. Sections of nodules from six legume species were prepared and stained for XDH activity. Three of the species, soybean, cowpea, and lima bean, produce ureides as the major nitrogenous compounds transported in the xylem (2, 25) . The other three species, alfalfa, peas, and white lupine, produce mainly amides in the nodule for subsequent xylem transport (2) . The histochemical stain was applied to the nodule slices in the presence or absence of the substrate, hypoxanthine. Photographs of the slices were taken at magnifications of x 10 (Fig. 7, a and b ) and x 100 (Fig. 7, c and d) .
Sections from soybean nodules showed significantly higher staining in the presence of hypoxanthine (Fig. 7, a and c) than in its absence (Fig. 7, b and d) . Furthermore, this substratespecific staining was observed only in the infected cells of the central region of the nodule. This is particularly evident at higher magnification (Fig. 7, c and d) where intense substrate-dependent staining was observed in the large infected cells while no such staining was observed between the infected cells in the uninfected cells. Allopurinol inhibited the substrate-specific staining. The low degree of staining observed in the absence of substrate probably is caused by the oxidation of endogenous substrates which may be catalyzed by the many dehydrogenases present in the tissue. Cowpea and lima bean nodule slices showed identical results (data not shown).
Sections from white lupine and alfalfa nodules showed no staining of either cell type in the presence or absence of hypoxanthine (data not shown). Pea nodule sections exhibited significant staining ofthe central portion ofthe nodule but this staining was not dependent on the presence of hypoxanthine (data not shown).
DISCUSSION
The experiments described here were done with two objectives in mind. First, ELISA experiments were performed to determine whether XDH was nodule specific. That is, these assays demonstrate the distribution of the enzyme throughout the plant. Second, histochemical staining of XDH on nodule sections was performed to determine the intercellular localization of the enzyme. Auger and Verma (4) first proposed that nodule specific proteins (nodulins) may be present only in the infected cells of nodules. Lb is an example of a nodulin (28) which is present only in the infected cells of the central region of legume nodules (22) . Since ureides are only produced by soybeans which are nodulated and actively fixing nitrogen, XDH may be nodule specific and may be present only in the infected cells of soybean nodules. To be more confident of the immunological methods employed in these experiments, anti-Lb a was used as a positive control for the results obtained by using anti-XDH. Lb was chosen since it is a soluble protein, as is XDH, and is a nodulin confined to the infected cells. The nodule specificity of Lb, first demonstrated by Verma and Bal (28) , was confirmed by the results presented here (Fig. 5) . The results of Verma and Bal (28) were extended in this study, since all plant organs were measured for Lb, not just nodules and roots as had been done by Verma and Bal (28) . No Lb was detected in any plant organ other than the nodule. XDH, on the other hand, is not nodule specific. Antigenic XDH was detected in other plant organs, although in much lower concentrations than in nodules (Fig. 6 ).
While this work was in progress, Bergmann et al. (5) (24) . Therefore, XDH is capable of catalyzing the purine oxidation reactions in the microaerophilic environment of the infected cells. The observed vocalizations of XDH and uricase in the infected and uninfected cells, respectively, imply that uric acid is the intermediate of allantoic acid synthesis which is transported between the infected and uninfected cells. The proposed vocalizations of these two enzymes agrees with the distribution of 02 in the nodule and the differences in the electron acceptors which the two enzymes use to catalyze their respective reactions.
The results obtained with the P. sativum nodules were ambiguous. Small amounts of ureides have been detected in the xylem sap of modulated plants of Pisum arvense but not P. sativum (2) . This faint cross-reactivity observed between anti-soybean XDH and the pea nodule crude extract may be explained in two ways. First, nodules of P. sativum may produce small quantities of ureides and therefore may have only small amounts of those enzymes responsible for ureide synthesis, including XDH. Second, pea nodules may have a significant amount of XDH which is not closely related phylogenetically to soybean nodule XDH.
The lack of cross-reactivity observed between antibodies directed against soybean nodule XDH and animal xanthine oxidase is somewhat surprising given the fact that the enzymes from the two sources have the same subunit and holoenzyme mol wt (25) , similar Mo and Fe content (25) , and nearly identical visible absorption spectra (10; Fig. 1 ). XDH from the three species of ureide-producing legumes appear to be very similar as they all cross-react strongly with soybean anti-XDH.
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